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United Kingdom Cell Polarization—Sensing and Responding
to a Chemotactic Gradient
For a cell to migrate toward a chemoattractant, it has
A recent meeting at the Max Delbru¨ck Center in Berlin, to be able to sense a gradient and to polarize in align-
Germany provided a forum to discuss the molecular ment with that gradient. Eukaryotic cells can respond
mechanisms of cell migration in a broad range of con- to differences as small as 2% in the concentration of
texts including chemotaxis, development, immunity, soluble chemoattractant across their length, yet a 2%
and cancer. difference in biochemical signals across a cell is not
going to be perceived as anything but background varia-
Cell migration plays a central role in the development tion. Cells must therefore be able to amplify a small
and maintenance of multicellular organisms. During em- difference in external signal into a large difference in
bryogenesis, complex patterns of cell migration are es- intracellular signals. Indeed, recent studies in Dictyostel-
sential for proper tissue formation. Wound healing in- ium and neutrophils have demonstrated that the internal
volves the migration of several cell types, and the gradient of plasma membrane phosphoinositide (3,4,5)
migration of leukocytes into lymph nodes and inflamed trisphosphate (PI(3,4,5)P3)/PI(3,4)P2) is much higher than
tissue is required for the development of immune re- the external gradient of chemoattractant. PI(3,4,5)P3/
sponses. Cell migration also occurs in many diseases; PI(3,4)P2 are rapidly generated by activation of PI3-
in cancer, for instance, it leads to invasion and metasta- kinases (PI3Ks), allowing the transient recruitment of
sis. In many of these cases, cells show directed locomo- PH-containing PI(3,4,5)P3/PI(3,4)P2 binding proteins to
tion (chemotaxis) toward a source of soluble attractant. the plasma membrane, including the serine/threonine
Whatever the system, the actin cytoskeleton is gener- kinase Akt/PKB (Parent and Devreotes, 1999). Akt/PKB
ally regarded as providing the major driving forces re- itself becomes activated upon recruitment to the mem-
quired for cell migration. Migrating cells are polarized, brane and in Dictyostelium activates the serine/threo-
and at the front, extension of lamellipodia is driven by nine kinase PAKa, which regulates myosin assembly,
dynamic polymerization of actin, pushing the plasma cortical tension, and retraction of the trailing tail of the
membrane forward. Movement of the cell body is depen- cell (Richard Firtel, UCSD; Chung et al., 2001; Figure
dent on contractility generated by actin and myosin II 1A). Interestingly, in mammalian cells, PAKs are also
filaments (reviewed by Fukata et al., 2001). When a cell involved in cell migration (reviewed in Ridley, 2001), but
is stimulated to move, Rho family GTPases play a key are not known to be targets for Akt.
role in transducing signals from surface receptors to A key question is how the chemoattractant signal is
downstream effectors such as the Arp2/3 complex that amplified within the cell to generate the steep gradient
associate directly with actin to nucleate filament assem- of PI(3,4,5)P3/PI(3,4)P2. Unlike PI(3,4,5)P3/PI(3,4)P2, both
bly (reviewed by Higgs and Pollard, 2001; Ridley, 2001). chemoattractant receptors (cAMP receptors) and cou-
Nearly all eukaryotic cells possess the basic actin- pled intracellular G proteins are uniformly distributed
based machinery needed to migrate, but the ability to over the cell membrane in chemotaxing Dictyostelium
respond to a particular stimulus depends on the expres- cells, and G protein activation is maintained in the pres-
sion of receptors and relevant signaling molecules. The ence of constant cAMP, whereas PH domain recruitment
speed and efficiency of migration is in turn affected (and therefore presumably the generation of PI(3,4,5)P3/
by a whole host of variables including the microtubule PI(3,4)P2) is transient (Peter Devreotes, Johns Hopkins
network, expression levels of adhesion receptors, and University; Janetopoulos et al., 2001). However, al-
secretion of matrix-modifying proteases. though steady-state levels of cAMP receptor occupa-
tion are similar at both ends of a cell, Devreotes reported
that the cycling rate of cAMP binding is higher at the4 Correspondence: anne@ludwig.ucl.ac.uk
Developmental Cell
154
Richard Firtel). Elucidating how PI3Ks and PTEN are
regulated in response to cAMP will be crucial for under-
standing how cells respond to small changes in signal.
Although a cell can form a polarized gradient of
PI(3,4,5)P3/PI(3,4)P2 in the absence of changes to the
actin cytoskeleton (Parent and Devreotes, 1999), it is
well established that the actin cytoskeleton is essential
for cell translocation. Microtubules are also important
for efficient cell migration in many cell types. The micro-
tubule cytoskeleton in migrating fibroblasts is highly po-
larized and the growing ends of microtubules (plus ends)
extend well into the protruding leading edge where they
are thought to be captured and anchored to the plasma
membrane. This may reinforce cell polarization by
allowing microtubule-based delivery of molecules re-
quired for cell migration to the leading edge. Rho family
GTPases are well known as regulators of the actin cy-
toskeleton, but their role in controlling the microtubule
network has only recently been recognized (reviewed by
Wittmann and Waterman-Storer, 2001). Kozo Kaibuchi
(Nagoya University) presented an intriguing model link-
ing the activation of the Rho family proteins Rac1 and
Cdc42 to microtubule capture through IQGAP1, a
Cdc42/Rac1 target that also interacts with actin fila-
ments (reviewed in Bishop and Hall, 2000). An alternative
way of attaching microtubules to the plasma membrane
via the adenomatous polyposis coli (APC) protein was
suggested by James Nelson (Stanford University). In
epithelial cells, APC is found in cortical puncta near the
plus ends of microtubules in regions of active membrane
extension, and APC can bind microtubules both directly
and indirectly (reviewed in Dikovskaya et al., 2001). How
APC associates with the cortex of cells is not known,
but it is interesting to note that APC has recently been
shown to bind and activate the Rac1 exchange factor
Asef (Kawasaki et al., 2000) and may thus link microtu-Figure 1. Polarization of Dictyostelium in a Gradient of cAMP
bule tethering to sites of Rac1 activity.
At the front of the cell, the cAMP receptor and G proteins (G and
G) are uniformly distributed on the plasma membrane. By an
unknown mechanism, activation of PI3K leads to localized produc- Cell Migration In Vivo—How Do Cells
tion of PI(3,4,5)P3 (and PI(3,4)P2) at the leading edge. These then Get to Where They Need to Be?
recruit PH domain-containing proteins such as Akt/PKB and PhDA In order for migrating cells to reach their correct target
to the membrane, where they are activated. The phosphatase PTEN tissue in vivo, they have to be able to read external
may help to regulate 3-phosphoinositide levels at the leading edge.
spatial clues and translate them into intracellular signal-At the rear of the cell, active Akt/PKB in turn activates PAKa, which
ing events leading to the coordinated activation of thedrives F-actin/myosin II-based contractility at the trailing edge.
Based on a figure in Chung et al. (2001). migratory machinery. Cells normally respond simultane-
ously or sequentially to a combination of external sig-
nals, both attractive and repulsive, in order to reach
their end goal. Although the basic mechanisms of cellfront (Ueda et al., 2001). Whether this contributes to
gradient amplification and/or is a feedback response to migration are probably similar in vitro and in vivo, a
particularly important question in vivo is how a specificinternal signaling is not yet clear, but it certainly provides
a way in to studying signaling dynamics at the leading cell group is selected from a larger population to migrate
to defined sites. A common theme emphasized by di-edge.
The PI(3,4,5)P3/PI(3,4)P2 gradient does not reflect a verse talks at this meeting was that migrating cell groups
in vivo are defined through their expression of specificgradient of G protein activation, so one possibility is
that PI3-kinases are selectively recruited to the front of transmembrane receptors and/or by the restricted pre-
sentation of ligands for these receptors. This has beencells (Richard Firtel). An alternative is that the removal
of PI(3,4,5)P3/PI(3,4)P2 by PTEN, a phosphoinositide particularly well defined in the immune system, where
cell migration into and out of blood vessels and withinphosphatase that specifically removes 3 phosphates,
is reciprocally regulated (Figure 1B). PTEN is known to lymphoid organs is mediated primarily by specific com-
binations of chemokines and their receptors, which acti-be important for motility of mammalian cells (Yamada
and Araki, 2001), and studies with PTEN mutants sug- vate G proteins (Eugene Butcher, Stanford University;
Jason Cyster, UCSF; reviewed in Ansel and Cyster,gest that it is also required for efficient cell polarization
and chemotaxis in Dictyostelium (Peter Devreotes and 2001). It turns out that chemokines and their receptors
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Figure 2. Multiple Signals Control Border
Cell Migration
do not simply provide the “recognition code” required et al., 2001; Duchek and Rørth, 2001). Myoblast City/
DOCK180 and Rac were also required for border cellsto deliver T and B cells to the right targets, but can also
affect the long-term behavior of these cells by altering to migrate (Rørth), consistent with observations in mam-
malian systems and in C. elegans (reviewed in Ridley,gene expression. For example, Cyster reported that
B cells recruited into lymphoid follicles in response to 2001), but interestingly, neither the MAP kinase pathway,
PLC, nor PI3K appears to be required for border cellBLC are induced by BLC to upregulate expression of a
cytokine (lymphotoxin 12) that promotes differentia- migration. This contrasts with the involvement of PI3K
described above in Dictyostelium and in many mamma-tion of resident stromal cells (Ansel et al., 2000). Linking
chemoattraction to induction of a differentiation factor is lian models for directed cell migration (review by Ronn-
strand and Heldin, 2001) but is consistent with investiga-proposed to help establish the development of polarized
lymphoid follicles. It seems likely that this may be a tions into phagocytosis, where Rac appears to be
activated via DOCK180 independently of PI3K (Hensongeneral property of chemoattractants involved in pro-
moting pattern formation during organ and tissue devel- et al., 2001). It is therefore important to bear in mind
that there are multiple ways to activate the cytoskeletonopment.
Another example of specific ligand-receptor interac- to drive cell migration.
It is becoming increasingly clear that repulsive signalstions defining the migratory population was described
by Denise Montell (Johns Hopkins) studying a group of as well as attractive signals guide cell migration, and
nowhere is this better studied than in axon guidance inDrosophila epithelial follicle cells known as border cells,
which migrate through the nurse cells to the oocyte the developing nervous system, where repulsive ligands
include ephrins, semaphorins, and netrins (review byduring oogenesis (Montell, 2001). In a genetic screen,
mutations in the transcription factor STAT were found Yu and Bargmann, 2001). Barry Dickson (IMP, Vienna)
described how guidance cues expressed by Drosophilato inhibit border cell migration (Silver and Montell, 2001).
They showed that UPD, a ligand that activates the JAK/ cells at the midline of the central nervous system affect
the pathway of groups of axons. For example, netrins atSTAT pathway, is expressed selectively by two central
cells (polar cells) in the border cell cluster and is required the midline can mediate attraction of axons expressing
DCC but repulsion of axons expressing UNC-5 (Kelemanfor border cell recruitment and migration. This suggests
a model where expression of UPD by the polar cells and Dickson, 2001). UNC-5 is normally expressed in
motor axons that migrate away from the midline, andactivates the JAK/STAT pathway in neighboring cells,
inducing them to express genes required for them to forced expression of UNC-5 on axons that grow toward
the midline is sufficient to redirect them away from it.become migratory. Indeed, the transcription factor Slbo,
previously identified as being required for border cell Another midline repellent, Slit, acts through three related
Robo receptors to regulate midline crossing, and themigration, was regulated by the JAK/STAT pathway.
Once border cells are primed to migrate by UPD, fur- precise expression pattern of the Robo receptors dic-
tates the pathway that longitudinal axons take parallelther signals are required for the migration process (Fig-
ure 2). First, a hormonal signal, ecdysone, appears im- to the midline (Barry Dickson; reviewed in Guthrie, 2001).
These results indicate once again the importance ofportant for specifying the timing of border cell migration
(Denise Montell). Second, Pernille Rørth (EMBL, Heidel- specific receptor expression in determining the pattern
of migration, and thus the mechanisms that determineberg) described how two ligands synthesized by the
oocyte are required to guide border cells to their final which cells express which receptors will undoubtedly
be a future focus of interest.destination. The EGF receptor (EGFR) ligand Gurken and
PVF1, a ligand for the newly identified Drosophila PDGF/
VEGF receptor homolog PVR, act redundantly to direct Leukocyte Transmigration
Although where leukocytes transmigrate across the en-posterior border cell migration, whereas dorsal migra-
tion was dependent only on the EGFR, consistent with dothelium is dictated by endothelial presentation of leu-
kocyte chemokines and adhesion receptors, the actualthe dorsal location of EGFR ligands (Figure 2; Duchek
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process of transmigration is also dependent on the ex- the induction of epitheial-mesenchymal transition, in-
creased cell migration, and the onset of tumorigenesispression of other endothelial cell surface proteins.
Based on antibody inhibition studies, PECAM-1 has (Sternlicht et al., 2000), so it will be interesting to know
whether MMP-3 induces a proinvasive ligand for mam-been proposed to facilitate leukocyte transmigration
(Muller et al., 1993), but the fact that transmigration is mary epithelial cells.
Invasion of epithelial tumor cells involves weakeningonly mildly affected in mice lacking PECAM-1 (Duncan
et al., 1999) indicates that PECAM-1-independent mech- of cell-cell junctions, and in particular downregulation
of the adherens junction protein E-cadherin is often as-anisms must exist. William Muller (Cornell University)
reported an unexpected new role for the cell surface sociated with epithelial-mesenchymal transition (Birch-
meier, 1995). Activation of proinvasive receptor tyrosineglycoprotein CD99 in mediating leukocyte transmigra-
tion (Schenkel et al., 2002). Little is known of the func- kinases such as the HGF receptor Met leads to in-
creased tyrosine phosphorylation of E-cadherin, andtions of CD99, although it can play a costimulatory role in
T cell receptor signaling (Wingett et al., 1999). Blocking this often coincides with loss of E-cadherin from intra-
cellular junctions and reduced adhesion. Yasuyuki FujitaCD99 on either endothelial cells or monocytes with anti-
CD99 antibodies does not affect monocyte adhesion (Walter Birchmeier laboratory, MDC Berlin) reported the
characterization of a novel protein, Hakai, that interactsbut greatly decreases their transmigration. Expression
of CD99 on both monocytes and endothelial cells sug- specifically with tyrosine phosphorylated E-cadherin
(Fujita et al., 2002). Hakai is related to Cbl, an E3 enzymegests homophilic interaction of CD99 molecules during
transmigration. Interestingly, CD99 is not upregulated involved in receptor ubiquitination and degradation
(Sanjay et al., 2001). Indeed, Hakai is able to enhancein response to the inflammatory cytokines TNF or IL-1,
and anti-CD99 antibody blocks transmigration in both E-cadherin ubiquitination both in vitro and in vivo, and
stimulates endocytosis of the E-cadherin complex, lead-activated and resting endothelium. Blocking CD99
causes cells to arrest after they have begun to transmi- ing to loss of cell-cell contacts. Overexpression of Hakai
also potentiates HGF-induced cell scattering and maygrate, whereas anti-PECAM antibodies prevent cells
from penetrating the endothelial monolayer, showing therefore be an important link between receptor tyrosine
kinase activation and the destruction of the E-cadherinthat PECAM functions spatially and temporally up-
stream of CD99 during transmigration. It will be interest- complex, loss of adhesion, and increased motility.
ing to see whether mice lacking CD99 show a stronger
defect in leukocyte trafficking than the PECAM-1 null Tracking Cells In Vivo
mice. Using fluorescent dyes or GFP to label a small fraction
of cells, it has now become possible to temporally and
spatially track the path of migrating cells in their naturalMatrix Modification, Epithelial Cell Migration,
and Cancer environment in vivo. This work is labor intensive but is
now beginning to yield exciting and often unexpectedCell migration in vivo is dependent on the modification
of extracellular matrix components through the actions information about complex cell migration pathways dur-
ing development.of secreted proteases such as MMPs (Sternlicht and
Werb, 2001). It is becoming increasingly clear that MMPs Reinhard Ko¨ster (Scott Fraser’s laboratory, CalTech)
demonstrated the power of in vivo time lapse imagingdo not simply degrade the matrix but also generate new
ligands that cells with the appropriate receptors can using neuronal migration in the developing zebrafish
cerebellum as a model. In vivo imaging of transientrespond to. For example, MMP-induced cleavage of
laminin-5 is known to be important for epithelial migra- transgenic embryos proved that neurons originating
from the upper rhombic lip do not travel via the dorsaltion on this matrix component (Koshikawa et al., 2000),
and Vito Quaranta (Scripps Research Institute) reported cerebellum as has been long assumed, but rather use
a new anteroventral pathway in their migration towardthat an MMP-generated fragment of laminin-5 could in-
teract with and activate the EGF receptor. This stimu- the midhindbrain boundary (MHB), suggesting a guid-
ance function for the MHB (Ko¨ster and Fraser, 2001).lated slow EGFR phosphorylation and MAP kinase acti-
vation. Interestingly, however, the fragment enhanced Rick Horwitz (University of Virginia) described meth-
ods for labeling and following cells in vivo in chick em-cell motility but did not stimulate proliferation, sug-
gesting that it did not completely mimic the effects of bryos and mouse brain. In these models, it is possible
to express GFP-tagged fusion proteins, and this enablesEGF.
Zena Werb (UCSF) described the importance of MMPs the localization and roles of different signaling mole-
cules in cell migration to be studied within their normalin mouse mammary gland development, highlighting
how they can act very specifically and locally. The mam- environment in vivo. This will elucidate whether signaling
pathways delineated in migrating cultured cells are alsomary gland develops both by elongation of ducts and
by production of lateral branches along the ducts. Using important in vivo. For example, myoblast migration in
chick embryo sections is characterized by the extensionMMP inhibitors and knockout mice, MMP-2 was found
to be required for ductal elongation while having little of single, long, and directed protrusions mediated by
Rac (Knight et al., 2000).effect on lateral branching, while loss of MMP-3 severely
affected lateral branch growth without affecting the Ray Keller (University of Virginia) also described work
using time lapse microscopy of fluorescently labeledelongation of primary ducts. Interestingly, MMP-3 is suf-
ficient to generate branching in virgin gland organoid cells to investigate how the migration of deep mesoder-
mal and deep neural tissue cells leads to the convergentcultures, growth factors being required only for cell pro-
liferation (Simian et al., 2001). In addition, overexpres- extension movements that drive gastrulation and elon-
gation of vertebrate embryos. During embryo elongation,sion of MMP-3 in mammary epithelial cells is linked to
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Ansel, K.M., Ngo, V.N., Hyman, P.L., Luther, S.A., Forster, R., Sedg-cells become rearranged along the anterior-posterior axis
wick, J.D., Browning, J.L., Lipp, M., and Cyster, J.G. (2000). A che-by mediolateral cell intercalation. Using explants of Xeno-
mokine-driven positive feedback loop organizes lymphoid follicles.pus embryos, Keller reported that mesodermal cell inter-
Nature 406, 309–314.
calation is achieved by bipolar, mediolaterally directed
Birchmeier, W. (1995). E-cadherin as a tumor (invasion) suppressorprotrusion while the prospective neural tissue shows
gene. Bioessays 17, 97–99.
a monopolar, medially directed protrusive activity that
Bishop, A.L., and Hall, A. (2000). Rho GTPases and their effectordepends on the presence of the underlying mesoderm
proteins. Biochem. J. 348, 241–255.
(Keller et al., 2000). This complex pattern of cell migra-
Chung, C.Y., Funamoto, S., and Firtel, R.A. (2001). Signaling path-tion seems to be controlled by members of the Wnt ways controlling cell polarity and chemotaxis. Trends Biochem. Sci.
family of ligands. For example, Xenopus Xwnt-11 acting 26, 557–566.
via dishevelled, RhoA, and JNK is required for conver- Dikovskaya, D., Zumbrunn, J., Penman, G.A., and Nathke, I.S. (2001).
gent extension movements, most likely by establishing The adenomatous polyposis coli protein: in the limelight out at the
cell polarity (Wallingford et al., 2000), and Xwnt-8 con- edge. Trends Cell Biol. 11, 378–384.
tributes through -catenin/Lef-3-induced transcrip- Duchek, P., and Rørth, P. (2001). Guidance of cell migration by
tional changes. Carl-Philipp Heisenberg (Max Planck In- EGF receptor signaling during Drosophila oogenesis. Science 291,
131–133.stitute, Dresden) reported a similar requirement of Slb/
Wnt-11 in convergent extension movements in zebrafish Duchek, P., Somogyi, K., Jekely, G., Beccari, S., and Rørth, P. (2001).
Guidance of cell migration by the Drosophila PDGF/VEGF receptor.(Heisenberg et al., 2000), and interestingly, described
Cell 107, 17–26.that this defect in cell movement is potentiated in slb/
Duncan, G.S., Andrew, D.P., Takimoto, H., Kaufman, S.A., Yoshida,wnt-11 and ppt/wnt-5a double mutants, although over-
H., Spellberg, J., Luis de la Pompa, J., Elia, A., Wakeham, A., Karan-expression of Xwnt-5a in Xenopus has previously been
Tamir, B., et al. (1999). Genetic evidence for functional redundancyreported to inhibit convergent extension movement
of platelet/endothelial cell adhesion molecule-1 (PECAM-1): CD31-(Ku¨hl et al., 2001). It may be that the level and localization
deficient mice reveal PECAM-1-dependent and PECAM-1-indepen-
of Wnt5a expression has to be precisely controlled for dent functions. J. Immunol. 162, 3022–3030.
cell migration to occur correctly. Combining this genetic
Fujita, Y., Krause, G., Scheffner, M., Zechner, D., Leddy, H.E.M.,
approach with Keller’s in vivo time lapse microscopy Behrens, J., Sommer, T., and Birchmeier, W. (2002). Hakai, a novel
will allow the precise roles of these Wnt signaling path- c-cbl-like protein, ubiquitinates and induces endocytosis of the
ways in controlling the migratory behavior of different E-cadherin complex. Nat. Cell Biol., in press.
populations of cells to be investigated. Fukata, Y., Amano, M., and Kaibuchi, K. (2001). Rho-Rho-kinase
pathway in smooth muscle contraction and cytoskeletal reorganiza-
tion of non-muscle cells. Trends Pharmacol. Sci. 22, 32–39.Conclusions
Guthrie, S. (2001). Axon guidance: Robos make the rules. Curr. Biol.In the past, cell biologists and developmental biologists
1, R300–R303.studying cell migration have mostly worked in different
Heisenberg, C.-P., Tada, M., Rauch, G.J., Saude, L., Concha, M.L.,spheres, but this meeting in Berlin illustrated well how
Geisler, R., Stemple, D.L., Smith, J.C., and Wilson, S.W. (2000).their research is converging on common underlying prin-
Silberblick/Wnt11 mediates convergent extension movements dur-ciples. Cell biologists have come a long way in defining
ing zebrafish gastrulation. Nature 405, 76–81.the basic molecular machinery required for cell polariza-
Henson, P.M., Bratton, D.L., and Fadok, V.A. (2001). Apoptotic celltion and translocation. On the other hand, screening
removal. Curr. Biol. 11, R795–R805.for genes affecting cell migration in Drosophila and C.
Higgs, H.N., and Pollard, T.D. (2001). Regulation of actin filamentelegans complements the cell biological approach of
network formation through Arp2/3 complex: activation by a diversetesting effects of overexpressing or expressing mutant
array of proteins. Annu. Rev. Biochem. 70, 649–676.
proteins, and has led to the identification of novel path-
Janetopoulos, C., Jin, T., and Devreotes, P. (2001). Receptor-medi-ways involved in cell migration which in turn can be ated activation of heterotrimeric G-proteins in living cells. Science
analyzed by cell biologists. In addition, developmental 291, 2408–2411.
studies in mice, zebrafish, and Drosophila emphasize Kawasaki, Y., Senda, T., Kawasaki, Y., Senda, T., Ishidate, T., Koy-
the importance of specific receptor-ligand interactions ama, R., Morishita, T., Iwayama, Y., Higuchi, O., and Akiyama, T.
in determining which populations of cells migrate when. (2000). Asef, a link between the tumor suppressor APC and G-protein
signaling. Science 289, 1194–1197.Recently, developmental biologists and cell biologists
have started to visualize migration of living cells in tis- Keleman, K., and Dickson, B.J. (2001). Short- and long-range repul-
sion by the Drosophila unc5 netrin receptor. Neuron 32, 605–617.sues for different reasons, but are observing similar pat-
terns of cell behavior. In the future, these approaches Keller, R., Davidson, L., Edlund, A., Elul, T., Ezin, M., Shook, D., and
Skoglund, P. (2000). Mechanisms of convergence and extensioncombined with genetic manipulation should bring us
by cell intercalation. Philos. Trans. R. Soc. Lond. B Biol. Sci. 355,closer to understanding how an organism becomes or-
897–922.ganized through the movements of cells and cell sheets.
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